The noncentrosymmetric ferromagnet Cr 11 Ge 19 has been investigated by electrical transport, AC and DC magnetization, heat capacity, x-ray diffraction, resonant ultrasound spectroscopy, and first principles electronic structure calculations. Complex itinerant ferromagnetism in this material is indicated by nonlinearity in conventional Arrott plots, unusual behavior of AC susceptibility, and a weak heat capacity anomaly near the Curie temperature (88 K). The inclusion of spin wave excitations was found to be important in modeling the low temperature heat capacity. The temperature dependence of the elastic moduli and lattice constants, including negative thermal expansion along the c axis at low temperatures, indicates strong magneto-elastic coupling in this system. Calculations show strong evidence for itinerant ferromagnetism and suggest a noncollinear ground state may be expected. 
I. INTRODUCTION
Itinerant ferromagnets crystallizing in noncentrosymmetric space groups have attracted much attention recently. The key factor is that the lack of an inversion center in the crystal lattice means that Dzyaloshinsky-Moriya (DM) spin-orbit interactions are allowed.
1,2 These interactions add a term to the free energy − → m · ∇ × − → m favoring perpendicular orientation of the spins. In metallic systems the DM term can lead to helimagnetism 3, 4 and complex spin textures resembling liquid crystal phases when the helimagnetism is destabilized.
5-7
MnSi is the most heavily studied system in this class of materials. MnSi orders at 29.5
K forming a long period helimagnet with a wavelength λ h ∼ 180Å weakly pinned along the <111> direction. It crystallizes in the noncentrosymmetric space group P 2 1 3 with the B20 structure. At low temperatures and in applied magnetic fields above 6 kOe a field polarized phase appears. Just below the transition temperature and for magnetic fields applied along <100> a phase known as the A phase is stabilized. Recently this phase has been identified as a skyrmion lattice. 6, 8 Skyrmions are a direct result of DM interactions allowed in the crystal lattice with no inversion symmetry. Similar spin textures have been observed in two other materials so far, FeGe 9 and Fe 1−x Co x Si, 10 both having the same structure as MnSi. Cr 1/3 NbS 2 is another example where the DM interaction is responsible for the helimagnetism. 11, 12 In this material the period of the helix is ∼ 480Å, and the DM interaction is thought to be stabilized by the lack of an inversion center between the two chromium atoms along the c axis as it crystallizes in a noncentrosymmetric space group P 6 3 22. Recently, Lorentz microscopy and small-angle electron diffraction studies showed an emergence in the applied magnetic field of a periodic and nonlinear magnetic order called a chiral magnetic soliton lattice in addition to the the zero-field chiral helimagnetic structure.
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Indeed, there are many other ferromagnets that crystallize in space groups lacking an inversion center. However, until now, both the theoretical and experimental studies have been concentrated mostly within the materials with the cubic B20 crystal structure. Thus investigation of noncentrosymmetric magnets with different structures is important for understanding the consequences of DM interactions in a wide variety of compounds. Cr 11 Ge 19 is such a material [14] [15] [16] . It crystallizes in the noncentrosymmetric space group P 4n2 belonging to the point group D fluctuations apparent in the data. Although no direct evidence for a helimagnetic or other exotic magnetic ground state has been found in the polycrystalline samples we have studied, the behavior of this material is unusual in several respects and deserves further study in single crystal form.
II. EXPERIMENTAL DETAILS
Polycrystalline samples were prepared and studied. Stoichiometric amounts of high purity
Cr pieces (99.999 %) and Ge pieces (99.9999 %) were arc-melted in an argon atmosphere.
The resulting ingot was then sealed in a quartz tube and annealed at 900 o C for one week.
The annealed ingot was then ground into fine powder inside a He-filled glove box and pressed into a pellet, which was again sealed in an evacuated quartz tube and annealed at 900 o C for another week.
Single crystal growth was also attempted using two different techniques: a flux method using Ge as a self flux and a modified Bridgman method. Both growths were carried out using a molar ratio of Cr : Ge = 20 : 80 of the starting materials. In the flux method, Room temperature x-ray diffraction on powders from pulverized single crystals confirmed single phase for the crystals obtained in both techniques. The atomic ratio was studied using a Hitachi bench-top scanning electron microscope (SEM) with a Bruker energy dispersive xray spectrometer (EDS). The atomic percentages of Cr and Ge observed are 42 at.% and 58
at.%, respectively, which is within the expected uncertainty for standardless measurements on irregular surfaces. Crystals obtained from modified Bridgman method were too small for convenient characterization, while the relatively larger crystals grown by flux method typically had some residual Ge flux on the crystal surface. Therefore in this study we characterized polycrystalline material, which was ≥98% pure based on powder diffraction and EDS measurements.
All the measurements were carried out in pieces cut from the same compact polycrystalline pellet that was determined to be 82% of the theoretical density. X-ray powder diffraction was performed at room temperature using a PANalytical X'Pert powder diffractometer for phase identification and structural refinement. X-ray powder patterns were also obtained every 20 K on cooling from room temperature down to 11 K. DC magnetization measurements were performed using a Quantum Design magnetic property measurement system (MPMS). AC susceptibility, specific heat, and resistivity measurements were conducted in a Quantum Design physical property measurement system (PPMS). AC susceptibility was measured by using a drive coil frequency of 85 Hz and an excitation field of 10 Oe at different applied DC magnetic fields from 0 to 10 kOe. Specific heat measurements were performed on a small piece of 27.5 mg. Resistivity was measured using platinum wires and Epotek H20E silver epoxy in a four-wire configuration on a 1.9×1.2× 1.4 mm 3 rectangular bar.
The temperature dependence of the elastic moduli was obtained using resonant ultrasound spectroscopy (RUS) on a 1.261 x 2.122 x 3.899 mm 3 polycrystalline pellet using a custom designed probe inserted into a Quantum Design Versalab.
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III. RESULTS AND DISCUSSION
A. Crystal chemistry as Nowotny chimney ladders (NCLs). These are a series of intermetallic compounds with composition T n X m , where 2>m/n>1.25. 21 Here T is a transition metal element and X is a main group metal. These compounds have a complex structure in which T atoms form 4-fold helices inside of which X atoms form separate helices. 23 NCLs have been found to follow the 14 electron rule, according to which a NCL compound having 14 valence electrons (VEL) per main group metal atom should be semiconductor and one with VEL less than 14
should be metal. 21 The rule holds for Cr 11 Ge 19 as it has total of 12.9 valence electrons per Ge atom and is known to have metallic behavior. Figure 1 shows the structure of Cr 11 Ge 19 .
It has a very long c axis (52.321Å) as shown in Fig. 1 (a). Ge. The Cr-Cr distance is the shortest along the helix (3.124 -3.138Å), 14 and hence, substantial Cr-Cr interaction can be expected in the direction of the helix. However, the structure is much more complex due to the presence of large number of atoms (120) in the unit cell. It has 12 inequivalent Cr sites and 10 inequivalent Ge sites. We used the reported structure 14 for the Rietveld refinement of the room temperature x-ray powder pattern. The fit is reasonably good considering the complex structure as shown in 
where A and B are independent of H. [24] [25] [26] A is a temperature dependent term and vanishes at T C . This should give straight lines on an Arrott plot, 27 M 2 (H, T ) versus H/M (H, T ), with a straight line passing through the origin at the transition temperature . In Fig. 4 C. AC susceptibility Figure 5 shows the temperature dependance of the real part of the AC susceptibility measured in the applied DC fields as indicated. At zero applied DC bias field (not shown) the AC susceptibility increases quickly with decreasing temperature in the vicinity of the transition temperature and decreases slightly upon further cooling. The effect of external fields is quite striking. First, the field remarkably suppresses the ac susceptibility. Second, a shoulder appears at lower fields near T C which is defined by two peaks, one sharp peak in the vicinity of the transition temperature and the other broader peak below T C . With the increase in field, the peak near T C gets suppressed and shifts slightly towards higher temperature, whereas the broader peak below T C becomes broader and shifts towards lower temperature and is almost completely suppressed at H = 10 kOe. Similar behavior has The molar heat capacity of Cr 11 Ge 19 from 2 to 200 K is shown in Fig. 6 . There is no obvious lambda anomaly near T C , but upon closer inspection T C is marked by a small kink as shown by the arrow in Fig. 6 . Zagryazhskii et al. reported that they observed a monotonic increase in the specific heat capacity from 55 to 300 K with no lambda anomaly. 15 The small kink observed near T C is suppressed upon application of the magnetic field. Figure. The low temperature specific heat data could not be well modeled by C p = γT +βT 3 . This indicates additional excitations may be contributing to the heat capacity at low temperature. Since this material is magnetically ordered below 88 K, magnetic excitations were considered by inclusion of a term in C p proportional to T 
E. Resistivity and magnetoresistance
Electrical resistivity of Cr 11 Ge 19 vs temperature is plotted in Fig. 8 . The temperature dependence of the resistivity is metallic over the whole temperature range. A slope change is observed at ∼ 90 K, which is consistent with a significant loss of spin-disorder scattering upon magnetic ordering. The T C inferred from resistivity is in good agreement with the value of T C obtained from magnetization measurements. The room temperature value of electrical resistivity, 0.35 mΩ cm, is in good agreement with the value (0.345 mΩ cm) reported by Zagryazhskii et al. 15 measured on a polycrystal sample and is about a factor of 2 higher than the value reported by Caillat et al. 21 on a single crystal sample. The observed excess value of resistivity can be attributed to grain boundary scattering in the polycrystalline sample.
The residual resistance ratio (ρ 300K /ρ 2K ) is large, having a value of 89. The inset in Fig.   8 shows the magnetoresistance defined as ∆ρ/ρ, where ∆ρ = ρ H -ρ with ρ H and ρ being the resistivity measured at 50 kOe and zero applied magnetic field, respectively. Negative magnetoresistance is observed below 150 K with the largest effect in the vicinity of T C where fluctuations are the strongest.
F. Thermal expansion and elastic moduli
The temperature dependence of the lattice parameters is plotted in Fig. 9 . Both a(T) and c(T) are normalized by dividing with the corresponding room temperature values. No structural phase transition is observed on decreasing the temperature down to 11 K. However, the temperature dependence of the lattice parameters a(T) and c(T) show dramatic differences below the magnetic ordering temperature. Below T C , a(T) decreases continuously down to 11 K, whereas c(T) shows a region of negative thermal expansion. This behavior shows the presence of magneto-elastic coupling. This coupling is also evident in the temperature dependence of elastic constants as discussed below.
Resonant ultrasound spectroscopy (RUS) measurements were conducted to obtain the temperature dependence of the longitudinal (C 11 ) and shear (C 44 ) elastic moduli. C 11 and To better understand the electronic structure we have calculated the electronic density of states (DOS) in both the magnetic and nonmagnetic states, using the first principles is well satisfied, and as described earlier this fits with the magnetic ground state we find.
We turn now to the magnetic state DOS [ Fig. 11(b) ]. The majority spin-up DOS still has a peak very near E F , but this peak is much lower than in the nonmagnetic case. Substantial spectral weight for the spin-up states is transferred below E F , as is expected for the majority spin, while the spin-down DOS is somewhat more equally distributed above and below E F .
We note also that the strongly magnetic nature of this system is paralleled by the spin-up and spin-down DOS not coinciding until several eV from the Fermi level. We note also that the band gap has disappeared, with instead a deep minimum in the spin-up DOS just above E F and a somewhat less deep minimum in the spin-down DOS. This band gap absence, to be compared with its existence in the nonmagnetic state, is again indicative of the strong magnetism present in this material.
IV. CONCLUSION
The results presented here, both from experiment and first principles calculations, indicate unusual magnetism in Cr 11 Ge 19 . The behavior of the magnetization and heat capacity suggest itinerant, noncollinear ferromagnetism with a Curie temperature near 88 K, and this description is supported by first principles calculations. The magnetism appears to be strongly coupled to the crystal lattice, as indicated by anomalous behavior of the lattice parameters and the elastic moduli at and below T C . The influence of spin-wave excitations is observed in the heat capacity at low temperature. Interestingly, some of the properties are similar to those of MnSi and other itinerant ferromagnets. It is interesting to speculate about possible helimagnetism in Cr 11 Ge 19 , based on the observed properties and the nature of the crystal structure. However, the present data cannot confirm the magnetic structure, and single crystals of suitable size for neutron diffraction are not yet available. Our observations clearly point to complex and interesting magnetism in this compound, and show that further study would be of interest.
